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Fluorescent probes based on the principle of resonance energy transfer (RET) or the principle of ﬂuor-
escence polarization (FP) are already used to detect biomolecules independently. However, there were no
in-depth studies about the impact of RET on FP. Also, very few studies gave a comprehensive analysis on
how to effectively design such a ﬂuorescent probe. Based on the principle of resonance energy transfer
(RET), we constructed ﬂuorescent probes (SA-488-sub-nanogold) using streptavidin labeled Alexa488
(SA-488), nanogold and biotinylated substrate peptide (biotin-subpeptide). The inﬂuence of the structure
and the ingredients of the substrate peptide were discussed. After SA-488 was combined with the biotin-
subpeptide and the nanogold, its ﬂuorescence intensity (FI) would be suppressed due to the energy
transfer, leading to an increase in its volume and mass. The suppression of the FI led to a decrease in SA-
488's effective concentration, and the increase in the volume or mass prolonged the SA-488's rotational
relaxation time. Both changes increased SA-488's polarization in the solution. Therefore, the FP perfor-
mance of the probe is enhanced by the RET. Using the probe, trypsin and biotin were detected by the
change in both ﬂuorescence intensity and ﬂuorescence polarization, showing higher reliability, higher
sensitivity, and a lower detection limit.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Many kinds of probes based on ﬂuorescent change have been
used to detect proteases (Kim et al., 2008; Shi et al., 2013; Chang
et al., 2005; Lowe et al., 2011; Levine et al., 1997), nucleases (Su-
zuki et al., 2008), biomolecules (Oh et al., 2005), PH (Tang et al.,
2009; Dennis et al., 2012), characterization of molecules (Wolf
et al., 2013), interaction between molecules (Bachovchin et al.,
2009; Lea and Simeonov, 2011; Guo et al., 1998), and for drug
screening (Day and Davidson, 2012; Woźniak et al., 2008; Riechers
et al., 2009). Combining these probes with other technologies,
they can also be employed to detect biotin or trypsin in living cells
or tissue, achieving high throughput analyses (Zhu and Trau, 2015;
Ren et al., 2013a, 2013b; Da-Hai et al., 2012; Zhang et al., 2014).
For probes based on the principle of ﬂuorescence polarization
(FP), both the change in the concentration of ﬂuorescent molecule
in the solution and the change in its volume or mass will alter the
molecule's FP. However, probes used to characterize the target
molecules were only based on the change in the ﬂuorescent mo-
lecule's volume and mass (Lea and Simeonov, 2011; Guo et al.,
1998). In fact, the polarization of a ﬂuorescent molecules solutionB.V. This is an open access article ualso depends on their concentration (Fredrickson, 1988; Weber,
1954; Jameson and Ross, 2010), and has not been effectively uti-
lized. Meanwhile, there were no detailed discussions on how to
effectively design probes with higher sensitivity, or how to de-
crease the background noise and improve the response speed.
There were reports on how to adjust the components of the linker
(Liu et al., 2007) and adjust the distance between the cleavage
sites of the linker and donor or accepter (Ma et al., 2012; Sato et al.,
2007). However, only parts of the factors were considered.
For probes based on ﬂuorescent change, their sensitivity can be
improved by increasing quenching efﬁciency and recovery efﬁ-
ciency (Zhang et al., 2013; Ren et al., 2013a, 2013b). Many factors
affect the ﬂuorescence quenching efﬁciency and recovery efﬁ-
ciency of the probes, such as the distance between the donor and
receptor, and steric hindrance (Sato et al., 2007; Topilina et al.,
2006; Wang and Xia, 2011). Reliability can be improved by re-
dundant detection to detect multiple parameters simultaneously,
such as by detecting the ﬂuorescent intensity (FI) and ﬂuorescence
polarization (FP) of the probe at the same time.
A ﬂuorescent probe was synthesized based on resonance en-
ergy transfer (RET). The possible factors that affect the efﬁciency of
the probe's ﬂuorescent change were discussed in detail. The
quenching efﬁciency of this probe could be up to 95% and its re-
covery efﬁciency could overpass 100%, even reaching 130%, whichnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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compared with simple FI when the probe is in a quenched state.
Most importantly, both the change in the concentration of ﬂuor-
escent molecules and in their volume or mass will alter their po-
larization in the solution, greatly enhancing the sensitivity of po-
larization detection. In assays, biotin and trypsin were chosen as
the representatives of typical biomolecules which might be de-
tected by using these probes. Here, trypsin is the representative of
proteases or DNASE or other molecules that can hydrolyze speciﬁc
substrate; biotin represents non-hydrolytic molecules that will
combine with other molecules speciﬁcally. Higher sensitivity and a
lower limit for detection were obtained compared with conven-
tional ﬂuorescent probes.
Conventional ﬂuorescence polarization (FP) is a homogeneous
method that allows quantitative analysis of molecular interactions
and enzymes activities, like binding constants and kinetics of re-
actions. Because FP depends on the difference of S channel and P
channel, it is not sensitive to environment noises which affect
ﬂuorescence intensity. By combining RET and ﬂuorescence polar-
ization, the FP characteristics of the probe described in this paper
can be enhanced by the RET. Therefore, it has higher sensitivity
compared with conventional FP probes. By expanding the model of
“ﬂuorescence-linker-quencher” prototype of our probe, it can be
applied in the detection of other biomolecules (Ren et al., 2014;
Alabi et al., 2012), such as proteases and nucleases, as well as the
characterization of molecules interactions and drug screening.2. Materials and methods
2.1. Principles of the probes
According to the principle of resonance energy transfer (RET),
two molecules or nanoparticles can be regarded as dipoles within
a certain distance which is generally acknowledged as 10 nm,
while some reported that it could reach 25 nm (Yun et al., 2005).
One of them should be ﬂuorescent. When conditions are met, the
ﬂuorescence molecule/nanoparticle titled as donor can transfer its
energy by non-radiation to the other molecule/nanoparticle titled
as accepter. Then the ﬂuorescence of the donor would decrease. ItFig. 1. The effect of the sub-nanogoshould be noted that the ﬂuorescence of a molecule might be
enhanced when it is near a metal nanoparticle. This is attributed to
plasma resonance (Anger et al., 2006).
We used Streptavidin Alexa Fluors 488 Conjugate (SA-488),
nanogold and biotinylated substrate peptide (biotin-subpeptide)
which connects the SA-488 and nanogold to construct a ﬂuores-
cence variable probe. It is named SA-488-sub-nanogold. After SA-
488 was connected with the nanogold via biotin-subpeptide, the
ﬂuorescence of SA-488 in the solution was suppressed because of
RET. The volume of SA-488 increased because of the conjugation of
nanogolds. The decrease in the FI of the SA-488 in sample solution
is equal to the decrease in the effective concentration of SA-488
solution. The increase in the volume of SA-488 leads to a longer
rotation relaxation time for SA-488. According to the FP principle,
both the decrease in the concentration of ﬂuorescence molecules
and the increase in the volume of ﬂuorescence molecules will lead
to an increase in the FP of ﬂuorescent sample solution. The scheme
of the probe is shown in Fig. 1.
Currently, many probes based on ﬂuorescence variation have
been widely used to detect biomolecules. Their principles are
based on FI detection, in which the targeted biomolecules will
block the conjugation between nanogold and SA-488, or will se-
parate the nanogold from SA-488-sub-nanogold. In other words,
the targeted biomolecules affect the suppression of the ﬂuores-
cence of SA-488, which results from the quenching of nanogold
because of RET. Therefore, the quantity of the targeted biomole-
cules can be obtained by measuring the change in the FI of the
probes.2.2. Reagents and apparatus
Streptavidin Alexa Fluors 488 Conjugate (Invitrogen, USA).
1.4 nm Monomaleimide Nanogold (Nanoprobes, USA). Biotinylated
peptides (Lifetein, China). Phosphate buffer solution (PBS PH¼7.4,
8.0), Trypsin (Macgene, China). 384-well plate (Corning, USA).
Ultra-ﬁlter centrifuge tubes (Millipore, USA). Centrifuge (Eppen-
dorf, Germany). Microplate Reader (PerkinElmer, Envision, USA),
VARIOSKAN FLASH (Thermo Scientiﬁc, USA).ld on the FI and FP of SA-488.
Fig. 2. Measurement of quenching efﬁciency of sub-nanogold (1 μM) and nanogold (6 μM) on SA-488. (A) The quenching efﬁciency of the sub-nanogold on SA-488 is
signiﬁcant. However, the efﬁciency decreases when the volume of the sub-nanogold exceeds 2 μl (1 μM). (B) The effect of unmodiﬁed nanogold on the FI of SA-488 is
negligible. It has little effect on the FI of SA-488 when its volume reaches 1.25 μl (6 μM). The data are shown as mean7S.D. of three independent experiments.
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Biotinylated substrate peptide (subpeptide) was dissolved in
PBS (PH¼8.0) and the ﬁnal concentration was 2 nmol/μl. Tris (2-
chloroethyl) phosphate (TCEP) solution was prepared with a ﬁnal
concentration of 0.02 M. 50 μl subpeptide (100 nM) was pipetted
into a 1.5 ml tube and then diluted into 500 μl by adding 450 μl
PBS. Then it was added into 2.5 μl TCEP (namely 100 nM) and
reacted for 0.5 h, from which we got the subpeptide with reduced
Cys. 6 nmol Monomaleimide functionalized nanogolds (1.4 nm in
diameter) were dissolved in 210 μl double-distilled water. 70 μl
nanogold solution (2 nmol) was pipetted and then added into the
500 μl reduced subpeptide solution. The ratio of subpeptides to
nanogolds was about 50. The excess of peptide ensures sufﬁcient
binding of the peptides to the nanogolds. The resulting solution
was incubated for 20 h at 4 °C without stirring.
After reaction, the resulting solution was spin-ﬁltered using a
centrifugal ﬁlter (microconcentration, YM-10) with an exclusion
cutoff of 10 kDa to separate unbound peptides from the nanogold
conjugates (nanogold clusters typically have a molecular weight of
15 kDa according to the product speciﬁcations). This was followed
by adding double-distilled water and spin-ﬁltering twice.
The concentrated conjugates were re-suspended in 335 μl PBS
and added into an appropriate quantity of BSA (the ﬁnal con-
centration of BSA is 0.1%). The concentration of the conjugated
nanogolds is 5 pmol/μl, which was determined according to the
manual speciﬁcations. After that, the nanogolds conjugated with
subpeptides (sub-nanogold) were obtained and the resulting
conjugates were stored at 4 °C until use.
2.4. Measurement of ﬂuorescence intensity
60 μl sample solution was pipetted into the wells of a 384-well
plate. The ﬁnal volume of the sample in every well was the same.
The plate was put into VARIOSKAN FLASH and the temperature
was set to 37 °C. The wavelength of the excitation/emission ﬁlter
was 488 nm/519 nm. The ﬂuorescence intensity (FI) of the sample
now could be measured and displayed.
2.5. Measurement of ﬂuorescence polarization
The ﬂuorescence polarization (FP) of the samples was mea-
sured using a Microplate Reader (Envision, PerkinElmer, USA).
During assays, the FP of the standard sample was set as 27 mp. The
value of FP of the sample was calculated using blank correctionprotocol. The concrete function used to calculate the value of FP is:
FP¼1000*[(S-Bs)G*(P–Bp)]/[(S-Bs)þG*(P-Bp)].
where S denotes the FI of channel S, P denotes the FI of channel
P. G is the correction factor, Bs denotes the average value of the FI
in channel S of the blank wells, and Bp denotes the average value
of the FI in channel P of the blank wells. During the measurement,
the temperature of the equipment was set to 37 °C.3. Results and discussion
As previously mentioned, the probe was constructed by SA-488
(streptavidin labeling dye), biotin-subpeptide (biotinylated sub-
strate peptide) and nanogold. The details of the probe will be
discussed in the following sections.
3.1. Characterization of the probes
1pmol SA-488 (3 μl; 1/3 μM) with varying volume of sub-na-
nogold (1 μM) was mixed in the wells of a 384-well plate. The ﬁnal
volume of the reaction solution was kept equal by adding PBS.
After reacting adequately, the FI of the resulting sample solution
was measured. The results were shown in Fig. 2A, from which we
can know that the FI of SA-488 decreases quickly along with the
increase of the sub-nanogold. However, the FI of SA-488 decreases
insigniﬁcantly after the volume of the sub-nanogold (1 μM)
reaches 1.5 μl, namely 1.5 pmol. Consequently, the optimum con-
centration ratio of sub-nanogold to SA-488 is determined to be
1.5:1. At this ratio, ﬂuorescence of SA-488 molecules were sig-
niﬁcantly but not completely quenched. As a result, they will still
contribute to FP changes. All probes mentioned in the following
sections are based on the mixture of this ratio.
To identify that subpeptide involved in the conjugation be-
tween the sub-nanogold and SA-488, a control experiment was
conducted. Similarly, in the wells of the 384-well plate, we mixed
1 pmol SA-488 (3 μl; 1/3 μM) with a varying volume of nanogold
(6 μM) unmodiﬁed with subpeptide. The ﬁnal volume of the re-
action solution was kept equal by adding PBS. When the sub-na-
nogold suppressed 99% FI of SA-488, the equal amount of nano-
gold had no effect on the FI of the same amount of SA-488
(Fig. 2B). The results showed that the nanogold effect without
modiﬁcation of the subpeptide on the FI of SA-488 is negligible.
The only difference between the sub-nanogold and the nanogold
was whether subpeptide existed or not. We could conclude that
subpeptide was necessary for the conjugation between the sub-
Fig. 3. The change in the FI results from the conjugation of biotin. The FI of SA-488
increases from about 26 (original state, blue line) to about 35 (pink and green
lines). As control groups, the FI of biotin and biotin-subpeptide was also measured
(red and black lines). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
D. Ren et al. / Biosensors and Bioelectronics 79 (2016) 802–809 805nanogold and SA-488, and the nanogold would not lead to un-
speciﬁc quenching on SA-488.
It should be noted that small amount of nanogold could en-
hance the FI of SA-488, no matter whether the nanogold was
modiﬁed by subpeptide or not. One possible explanation is that
the distance between the nanogold and SA-488 meets the condi-
tion of plasma resonance enhancement. Within a certain range,
the plasma resonance enhancement would be stronger than RET.
As a whole, nanogold enhances the FI of SA-488. The effect of
nanogold on the FI of SA-488 would transfer from enhancement to
quenching along with an increase in the ratio of nanogold to SA-
488.3.2. Factors affecting the efﬁciency of quenching and probes recovery
The efﬁciency of quenching (energy transfer, ET) and the efﬁ-
ciency of FI recovery are primary parameters for evaluating the
probe. High efﬁciency of ET and FI recovery is necessary for a goodFig. 4. FI of the probes in different situations. (For interpretation of the references to cprobe. High ET efﬁciency means that the FI is very low when a
probe is quenched. It is optimal when ET efﬁciency reaches 100%.
In other words, the FI of the probe is zero. High FI recovery efﬁ-
ciency indicates that the FI of a quenched probe will increase
signiﬁcantly when it meets target molecules like proteases. It is
ideal that the FI of the quenched probe can recover to the initial
state or even higher. Many factors have an effect on the probe's
quenching and recovery efﬁciency, such as the surface modiﬁca-
tion of the donor, the characteristics of the linker (also called
subpeptide in this paper), the characteristics of the donor and
accepter, and the order of mixing the probe and target. Each of
them will be discussed in detail in the following sections.
3.2.1. Surface modiﬁcation
Biotin would result in an increase in the FI of SA-488 by about
20–30%, and so does the biotinylated subpeptide (Fig. 3). It is be-
cause that attachment of biotin changes the activity of the electron
on the surface of dyes (Bullen and Mulvaney, 2006). The combi-
nation of biotin and streptavidin would enhance the ﬂuorescence
of dyes bonded with the streptavidin. We conducted further si-
milar experiments using quantum dots labeled with streptavidin.
The results showed that biotin could also enhance the FI of
quantum dots labeled with streptavidin.
3.2.2. Subpeptide characteristics
To reveal the effect of subpeptides on the ﬂuorescence of
probes, we designed and synthesized ﬁve kinds of subpeptides.
They are different in the following aspects: handedness of con-
taining amino acids, location of the cleavable site and length.
Shown in the left inset of Fig. 4, the ﬁve subpeptides are titled as
P1, P2, P3, P4 and P5. The red letters denote right-handed (dextral)
amino acids; the black ones denote left-handed amino acids.
Six groups of assays were conducted, and they were regarded
as control groups to each other. Shown as the abscissa of Fig. 4, the
ﬁrst group was titled as SA-488 which is the result of measuring
the FI of pure solution of SA-488. The second to sixth groups are
titled as P1, P2, P3, P4 and P5 respectively. These are the results of
measuring the FI of the probes constructed by different
subpeptides.
In Fig. 4, the black bars denote the FI of the mixture of probe
and trypsin, which were measured at the beginning of mixing. Theolor in this ﬁgure legend, the reader is referred to the web version of this article.)
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denote the FI of mixture which was developed by mixing trypsin
and sub-nanogold ﬁrst, then adding SA-488. The FI was measured
one hour after adding SA-488. The effects of subpeptide on the
probe will be discussed in the following sections in the three as-
pects mentioned above.
By comparing the values of all black bars, it can be seen that the
values of groups P1, P2, P3, P4 and P5 are lower than that of group
SA-488. This shows that the FI of SA-488 (donor) was suppressed
after SA-488 conjugated with the sub-nanogold. Comparing the
values of all blue bars, we can know that the values of groups P1,
P2, P3 and P4 are higher than that of group SA-488. It can be seen
that the sub-nanogold degraded by trypsin would not quench SA-
488, but enhanced it. This phenomenon can be explained by the
conclusion made in the above section (Surface Modiﬁcation). After
being treated with trypsin, biotin of the sub-nanogold would fall
off. Then the bond of biotin with streptavidin of SA-488 would
lead to the enhancement.
3.2.3. Handedness of amino acids contained in subpeptide
It is acknowledged that peptides constituted by right-handed
amino acids will not be degraded by enzymes. However, we
wondered whether peptides partially composed of right-handed
acids can decrease unspeciﬁc degradation. It is also acknowledged
that trypsin is able to degrade peptides containing Arginines (R for
short). Therefore, it is feasible to make it clear by conﬁrming that
trypsin will not degrade peptide containing right-handed Rs. Fig. 4
shows that the values of the blue and black bars in group P5 are
close, while in other groups the values of the blue bars are much
higher than the values of the black ones. Judging from this data,
the subpeptide of P5 could not be cleaved by trypsin, and namely
right-handed Rs containing peptides could not be cleaved by
trypsin.
By comparing the data of groups P5 and P2, it can be further
concluded that trypsin cleaved the subpeptide exactly by the left-
handed Rs. Therefore, it is possible to decrease unspeciﬁc de-
gradation by replacing certain left-handed acids with corre-
sponding right-handed ones. The probes constituted by these
subpeptides can be stored for longer time. Moreover, it helps to
solve the problem that probes composed of normal peptide would
be degraded in culture solution containing serum (Tugyi et al.,
2005).
3.2.4. Location of cleavable site
By contrasting the data of groups P1 and P3, it can be found
that the values of the black and red bars in P1 are close, while the
value of the blue bar is much higher than them. These indicate
that trypsin could not recover the FI of the probe connected by
subpeptide of P1 and that trypsin could hinder the transfer of SA-
488's energy. Therefore, it can be concluded that trypsin can cleave
the subpeptide of the sub-nanogold when SA-488 did not exist,
and that the cleavable site of the probe would be inaccessible for
the target protease when it was near the end of the subpeptide
(linker).
However, when the cleavable site, -RR-, was moved to the
middle of the subpeptide (linker), namely subpeptide P1 was re-
placed by P3, trypsin could recover the FI of the probe. From P1 to
P3, -RR- was moved only by the distance of the length of two
amino acids. The space of two amino acids is large enough to lead
to the hindrance for protease (protein). This is similar to assem-
bling components of a machine on a macro level: misplacing two
screws is enough to cause incorrect assembly. Therefore, it is de-
sired to make sure that the cleavable site of the subpeptide (linker)
is far away from the donor and accepter.3.2.5. Length of the subpeptide
By comparing the data of group P3 and P4, we found that the
quenching efﬁciency of the nanogold to SA-488 (accepter to do-
nor) in P3 was higher than that in P4. The length of P4 was longer
than that of P3. This result meets the theories of RET (Yun et al.,
2005; Pons et al., 2007), which shows that the efﬁciency of RET is
proportional to R R1/ or 1/4 6 (R is the distance between the donor
and accepter). However, it did not entirely meet the theories,
which might be to some degree, the fold of subpeptides. As a re-
sult, it is necessary to consider the rigidity of subpeptide (linker) in
design (Pons et al., 2007).
Considering from the FI recovery, the FI of probe (red bar in
group P3) in group P3 could not recover to the initial value (red
bar in group SA-488), while the FI of P4 could in most cases. The
absolute value of the increase (value of red bar minus that of black
bar) in groups P3 and P4 were nearly equal. However, the ratio of
the red bar to the black bar in group P3 is about 2.6, which is
higher than 1.7 of group P4. Consequently, the length of P3 is
better.
In conclusion, when designing a subpeptide (linker), all para-
meters like handedness of containing amino acids, location of the
cleavable site, and length should be considered.
3.2.6. Donor and accepter
The quenching efﬁciency of the same nanogold to different
ﬂuorescence molecules or nanoparticles (donor) varies. In our
assays, the quenching efﬁciency of the sub-nanogold to SA-488
reached 95%, to quantum dots whose emission wavelength was
605 nm (QD605) was 68%, and to QD 705 was 66%. It is required
that the FI of the probe be low when it is in the quenched state.
From the results shown above, we know that SA-488 is a good
candidate to be the donor of a probe. However, if the probe is used
in circumstances where strong photo-bleaching resistance is a
major focus, quantum dots would be the best candidate. Moreover,
the quenching efﬁciency of nanogolds with different diameters to
the same donor will also be different (Li et al., 2011). It is therefore
feasible to adjust ET efﬁciency (quenching efﬁciency) by selecting
different nanogolds.
3.2.7. Order of mixing probe and target
The order of mixing the probe and target is another factor af-
fecting the probe. This may inﬂuence the sensitivity, response
speed and the measuring range of the probe. During the assays in
detecting biomolecules, two ways were employed to mix the tar-
get molecules with the probes. They were named the “inhibiting
method” and the “separating method” respectively.
We mixed the sub-nanogold and target molecule ﬁrst using the
inhibiting method, and then mixed the resulting mixture with SA-
488. In this case, the target molecules would inhibit the conjuga-
tion between nanogolds and SA-488. As for the separating meth-
od, we mixed the sub-nanogold and SA-488 ﬁrst, and then added
the target molecules into the mixture. In this case, the target
molecules would separate the nanogolds from SA-488. The prin-
ciple of the “inhibiting method” is similar to “competitive ELISIA”
(Mariani et al., 1998; Muhamuda et al., 2007). Since compounds or
factors that can hamper the combination of nanogolds with dye
molecules would bring effective signals, control experiments are
very important. Normally, blank control samples will be required
when detecting bio-samples by the “inhibiting method”.
Assays indicated that the inhibiting method is better than the
separating method in sensitivity, response speed and measuring
range. Like the data of group P3 shown in Fig. 4, using the se-
parating method, the FI of the probe increased about 2.6 times
(from the 10.4 (black bar) to 27.2 (red bar)) after adding excessive
trypsin. The process of increase took one hour. In contrast, when
using the inhibiting method, the FI increased about 5.4 times, and
Fig. 5. Biomolecules detection based on FI. (A) Results of trypsin detection. The black curve (FI-1) is the result of the 0.25 μl probe; the red curve (FI-2) is the result of the 1 μl
probe; the blue curve (FI-3) is the result of the 4 μl probe. (B) Results of biotin detection. The black curve (biotin-ﬁrst) is the result of inhibiting method; the red curve (biotin-
later) is the result of the separating method. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
D. Ren et al. / Biosensors and Bioelectronics 79 (2016) 802–809 807took only about 2 min. Similarly, we detected biotin using two
both methods and the results also indicated that the inhibiting
method was better.
3.3. Biomolecules detection based on FI
3.3.1. Trypsin detection
Using the inhibiting method, we quantiﬁed the trypsin and
analyzed the sensitivity and detection limit of the probe. Three
groups of assays were conducted in 384-well plates. 4 μl, 1 μl and
0.25 μl probes were used in each group. They were constructed by
(4 μl, 1 μl, 0.25 μl; 1/3 μM) SA-488 and (2 μl, 0.5 μl, 0.125 μl;
1 μM) sub-nanogold respectively. Final concentration ratio of sub-
nanogold to SA488 was kept at 1.5, which is the optimum ratio
determined in Section 3.1. Varying quantity of 0.25% (w/v) trypsin
(0.0625 μl, 0.25 μl, 1 μl, 4 μl, 8 μl; 109 μM) was added into the
wells of each group. The ﬁnal volume of the reaction solution in
every well was kept at 60 μl by adding PBS (PH¼7.4). After ade-
quate reaction, the FI of mixture in each well was measured. The
result was displayed via curves (FI-3, FI-2 and FI-1) as shown in
Fig. 5A.
From curve FI-1, it can be seen that 1 μl trypsin was beyond the
measuring range of the 0.25 μl probe as the FI of the probe did not
increase obviously when trypsin increased from 0.25 μl to 1 μl. For
the 1 μl and 4 μl probes, the FI can be obtained from curves FI-2
and FI-3. Besides, from the curves in Fig. 5A, it can be seen that the
same increase of trypsin could lead to different increases in FI in
each group. The increase in FI displayed in curve FI-3 was the
highest. This might because the same quantity of trypsin had more
chance to meet probes when they were excessive. As a result, the
FI of more probes was recovered.
In the assay, the minimum concentration of trypsin was
113 nM. The detection limit of this probe can be about 1.25 ng
trypsin (0.0005 μl; 109 μM) (detailed information shown in Sup-
plementary). Therefore, trypsin in the level of fmol can be quan-
tiﬁed using these probes and the “inhibiting way”. That is lower
than other approaches we know. It should be noted that the de-
tection limit of our probe would be enhanced if the sensitivity of
the equipment measuring FI is improved.
3.3.2. Biotin detection
We also detected biotin by the inhibiting method. A ﬁxed
amount of SA-488 was mixed with varying amount of biotin, and a
corresponding amount of sub-nanogold was added. The FI of the
mixture was measured (shown in Fig. 5B). The FI of the probe
increased along with the increase of biotin. The FI and logarithm ofthe biotin quantity kept good linear relation, which is shown as
the black curve (biotin-ﬁrst) in Fig. 5B.
Moreover, biotin was also detected by the separating method.
The results are shown as the red curve (biotin-later) in Fig. 5B. The
FI of the probe rarely changed when biotin was added. This means
that biotin-subpeptide bonding with streptavidin of SA-488 would
not be replaced by the extra biotin. Based on this result, it is
conﬁrmed that the sensitivity of the inhibiting method is higher.
By this method, biotin in the level of fmol could be quantiﬁed
(detailed information shown in Supplementary). Therefore, the
inhibiting method will have a wider range of applications.
3.4. Biomolecules detection based on FP
The FP of ﬂuorescence molecules is proportional to their rota-
tional relaxation time (Sato et al., 2007), and their theoretical re-
lation is P∝Γ¼ ηV
RT
3 , where P denotes ﬂuorescence polarization, and
Γ is rotational relaxation time, which means the time a molecule
rotating for 68.5° takes depends on viscosity η, temperature T, the
volume of molecule V and the constant of gas R.
Besides, FP also depends on the concentration of the ﬂuores-
cence molecules (Liu et al., 2007; Ma et al., 2012; Sato et al., 2007),
and the theoretical relation between them is: τ= + Ac
P P
1 1
0
, namely
= τ+P
P
Ac P1
0
0
.
Where P denotes the FP of the solution of ﬂuorescence mole-
cules with a concentration of c; P0 denotes its FP when the solu-
tion is inﬁnitely diluted; τ denotes the duration when ﬂuorescence
molecules are excited; A is a constant.
We detected the FP of SA-488 solution with different con-
centrations and established the relation between the FP and con-
centration of SA-488 (shown in Fig. 6A). In our assays, double-
distilled water was regarded as the solution of SA-488 which was
diluted inﬁnitely. Its FP (P0) was 280 mP. The relation between the
FP and concentration of SA-488 was established by ﬁtting data
using the following function: = + ⋅y a x
280
1 280
. We got:
= − =a R0.01484, Adj. Square 0.96144. Therefore, the theoretical
relation between the FP and concentration of SA-488 is
= + ×P c
280
1 280 0.01484
.
When the ﬂuorescence molecule conjugates with the nanogold,
its volume and mass will increase. Besides, its FI will be sup-
pressed, leading to a decrease in its effective concentration. As
discussed above, both the decrease in concentration and the in-
crease in volume will lead to an increase in FP. Therefore, our
probe constructed by SA-488 and sub-nanogolds can also be used
Fig. 6. Biomolecules Detection Based on FP. (A) Relationship between the FP and the concentration of SA-488. The inset ﬁgure is a logarithmic curve. (B) FP change of SA-488
in two groups. (C) Results of trypsin detection based on FP. (D) Results of biotin detection based on FP.
D. Ren et al. / Biosensors and Bioelectronics 79 (2016) 802–809808to monitor the interaction between biomolecules, quantify bio-
molecules and characterize activities of proteases based on the
change in FP. It can be more sensitive than traditional probes
based on the change of ﬂuorescence.
We conducted assays to test this conclusion. Equal amounts of
biotinylated BSA (biotin-BSA) and biotin-subpeptide-nanogold
(sub-nanogold) were mixed with two groups of SA-488 solution
respectively. After adequate reaction in the same environment, the
FPs of two groups of mixture were detected (shown in Fig. 6B). The
pure SA-488 solution was regarded as the control group and its FP
was set as 30 mP. Conjugation with sub-nanogolds made the FP of
SA-488 increase from 30 mp to 70 mP, while conjugation with
biotin-BSA increased the FP of SA-488 from 30 mp to 35 mp,
which was far lower than 70 mP. Our probe may quantify bio-
molecules not only through changes in FI, but also FP. More im-
portantly, compared with traditional probes based on changes in
FP, it has higher sensitivity.
Based on the change in FP, trypsin and biotin were detected
using the probe. The steps are as follows. Assays were conducted
in ﬁve groups of wells in 384-well plates. In the wells of group 1,
only pure SA-488 was added. In the wells of groups 2, 3 and 4,
equal amount of probes was ﬁrst added, and then increasing
amounts of trypsin were added. In wells of group 5, only equal
amount of probes was added, without trypsin. After that, the FPs
of all groups were measured. Results are shown in Fig. 6C. The FP
of group 1, labeled as SA-488, was lowest. The FP of groups 2,
3 and 4, labeled with SA-488þsub-nanogoldþTrypsinX (X¼1, 2,
3) respectively, were increasing. The FP of group 5, labeled as SA-
488-sub-nanogold, was the highest. The detection of biotin wascarried out using the same principle in Biotin Detection (Section
3.3), and results are shown in Figs. 6D and S2. The FP of groups 2,
3 and 4, labeled with SA-488þsub-nanogoldþBiotinX (X¼1, 2, 3)
respectively, were decreasing. All the results met the expected
tendencies. Therefore, it is conﬁrmed that our probe can be used to
quantify biomolecules through the change of both FI and FP.
Furthermore, biomolecules detection based on FI and FP could
be practically implemented in DMEM solution (Fig. S3), showing
extensive biological application potential. However, the back-
ground ﬂuorescence is stronger in DMEM solution. Therefore,
compared with detection in PBS, the sensitivity is lower. This
limitation could be reduced by using other ﬂuorescent molecules
as donors that have different emission wavelengths (higher than
570 nm) from the solution.
The well prepared nanogold conjugated with subpeptides (sub-
nanogold) is important for the assay. It mainly depends on the
subpeptide we used, as peptide will hydrolyzed. In theory, length,
functional groups of the subpeptide, the temperature will also
affect its shelf life. We stored them at 4 °C for more than one
month, and they still performed well. We can use BSA or other
supplement molecules to further decrease unspeciﬁc adsorption
and decomposition to lengthen the shelf life.4. Conclusion
A ﬂuorescence probe for biomolecules detection was in-
troduced based on energy transfer and ﬂuorescence polarization.
Factors affecting probe characteristics were also discussed. The
D. Ren et al. / Biosensors and Bioelectronics 79 (2016) 802–809 809conjugation of nanogolds leads to not only the change in FI of SA-
488, but also the change in FP. The change in the concentration of
ﬂuorescent molecules and their volume or mass impact their po-
larization in the solution, obtaining higher sensitivity, faster re-
sponse speed and broader measuring range in polarization de-
tection, compared with traditional ﬂuorescence probes. Using the
probe, we can also detect biomolecules based on the change in
both FI and FP.
Moreover, the prototype of our probe introduced in this paper
can be expanded to the model of “ﬂuorescence-linker-quencher”.
Multiplexed detection could be achieved by replacing the linker in
this model. The discussion about this probe may guide the design
of relevant ﬂuorescence polarization probes, especially in multiple
parameters analysis and multiplexed detection.Acknowledgments
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